The superconducting H-T phase diagram of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑BSCCO͒ is the paramount example of high-temperature oxide superconductors showing the relevant characteristics associated with the properties of the layered compounds: strong anisotropy, thermal fluctuations, and atomic disorder.
In Fig. 1 we plot a sketch of the H-T phase diagram of BSCCO including those lines that are broadly accepted as dividing regions of the phase diagram with different static and/or dynamic properties of the corresponding vortex structures. Despite this, there is no consensus on which of them corresponds to true thermodynamic phase transitions or to a crossover from one characteristic dynamic response to another dynamic regime. More importantly, the nature of the vortex structures it is not fully known in the different regions of the phase diagram. One exception is the line indicated by T M (H) corresponding to the first order phase transition 1, 2 from an ordered vortex solid at low temperatures to a liquid phase at higher temperatures. However, although the transport measurements show 3 Ohmic behavior in the liquid state in both directions ( c and ab different from zero͒ there is no conclusive experimental evidence demonstrating whether the liquid is made of vortex lines cutting and reconnecting at an average distance l c , defining the superconducting phase correlation length in the c direction or of decoupled vortex pancakes, l c equals the interplane distance s. From previous discussions and from transport experiments using multiterminal contact configuration in YBCO it has also become evident 4 the important role that l c plays in determining the properties of the vortex structure in the different regions of the phase diagram.
In this work we analyze the different suggestions found in the literature on the nature of the vortex structure in the different regions of the phase diagram in Fig. 1 in terms of what should be expected for the superconducting response in the c direction and the related vortex correlation length l c . It is important to point out that most of the experiments made in BSCCO concentrate their study on the properties associated with the current response in the ab direction and little attention has been devoted to the response in the c direction.
The results reported in this paper are obtained measuring the transverse ac permeability Ќ in the linear regime. The dc magnetic field H is applied parallel to the c direction and a small ac field h ac is induced perpendicular to H. In this way the ac currents induced in the sample are forced to flow in both directions, on the ab planes and across the sample thickness. The real component Ќ Ј is related to the shielding capability of the currents while Ќ Љ , the imaginary part, is straightforwardly related to the dissipation induced by the ac 1 to be adequate to study BSCCO in regions of the phase diagram where the low value of the resistivity and the aspect ratio of the samples make the conventional dc transport measurements useless.
We show that the transverse permeability Ќ at low fields is consistent with a highly correlated ͑topologically ordered͒ vortex solid state which is superconducting in all directions. At a higher field H ent (T) and for TϾ20 K the long-range vortex correlation in the c direction is retained at the topological order-disorder transition of the vortex structure up to a crossover field H cr (T) where the response in the c direction becomes Ohmic, indicating that the structure loses its superconducting character. By all experimental indications, the vortex ensemble below 20 K is a nonequilibrium superconducting vortex solid structure.
The line IL in Fig. 1 is the irreversibility line, typically determined by the onset of hysteresis in the magnetization curve associated with currents flowing in the ab planes and T M (H) is the first order melting line of the vortex structure. In the low field range IL is known 6 to be determined by geometrical barriers ͑GB's͒. The longitudinal ac permeability (h ac ʈH) in the linear regime shows an Ohmic behavior with the corresponding peak in ʈ Љ at temperatures close but always above either T M (H) or the IL line, 7 depending on the range of fields, indicating that the Ohmic resistance in the ab planes become undetectable below those lines.
Pastoriza et al. 1 have pointed out that Ќ Љ shows a frequency-independent peak associated with the establishment of the phase coherence across the sample at the melting temperature. That is, for TϽT M (H) l c is limited by the sample thickness d as is expected in a topologically ordered structure of vortex lines. The same type of measurements ͑for low enough frequencies͒ demonstrated 8 that at higher fields the dissipation in the c direction was Ohmic and finite well below IL. No superconductivity is established at IL in the c direction and, consequently, l c Ͻd in a region where the resistance in the ab planes is either zero or below the detectable values.
There is 9-11 a phase boundary or crossover separating two solid regions in the phase diagram, indicated by Or-D in Fig.  1 . This line is essentially field independent and takes place at a field of the order of 300 Oe. The observation of an anomalous sharp second peak in the magnetization loop has been used to define the Or-D boundary. Moreover, no data is reported in the literature showing the presence of the second peak below 20 K. The Or-D line has been interpreted as a crossover in the pinning mechanism, 9 as a change in the dynamic properties of the vortex lattice, 10 or as a true phase transition. 11 Neutron diffraction 12 and muon spin rotation experiments 13 show that the vortex structure changes from an ordered one for fields below Or-D to a topologically disordered structure in the higher field region. Moreover, the results of Ref. 1 indicate that l c changes from l c ϭd in the ordered low-field region to l c Ͻd at high fields. From the previous discussion it is interesting to determine whether the Or-D line marks also the evolution from the Ohmic behavior in the c direction for high fields to a superconducting regime at low fields.
Recent flux relaxation experiments 10 below 20 K and at low fields have been interpreted assuming that the elastic Larkin length L c equals s, the Cu-O interplane distance. This means that the pinning mechanism is described in the zerodimensional limit, where every pancake is pinned independently of the others. At this temperature the transverse susceptibility decreases rapidly 7 indicating that perfect screening is established. In this limit l c is limited by the sample thickness l c ϭd and L c ϭs. According to Ref. 10 a vertical line ͑indicated as 0D in Fig. 1͒ at 20 K indicates the zero-dimensional pinning limit that takes place at low temperatures. Thus, the pinning line should intersect with the Or-D line and consequently it is interesting to ask whether the order-disorder transition ͑Or-D͒ remains below 20 K and which is the corresponding correlation length l c . As we will show in this paper the measurement of the transverse permeability is a unique technique to explore the solid state phases and determine its superconducting characteristics in the c direction.
The BSCCO crystals were grown by the traveling solvent floating zone technique.
14 The experiments were performed on two crystals ͑A and B͒ with dimensions 3000ϫ2000 ϫ180m 3 and 3000ϫ2000ϫ70m 3 , respectively. After annealing in air at 800°C the critical temperature of these optimally doped crystals is T c ϭ90.5 K. The ac susceptibility measurements were carried out by means of two complementary techniques. For measurements at frequencies higher than 500 Hz a conventional mutual inductance technique was used. For low frequencies ͑10 Ϫ2 -10 3 Hz͒ the measurements were carried out using a superconducting quantum interference device ͑SQUID͒ as a preamplifier. The ac field was applied parallel to the ab planes of the sample by means of a Helmholtz solenoid. The excitation current that feed the Helmholtz solenoid was taken from the reference signal of a two phase lock-in amplifier ͑PAR 5302͒. The pick-up coil is made of Nb wire wound in a transverse first order gradiometer configuration. This coil is part of the superconducting transformer of the SQUID. The change of the sample permeability as a function of field and temperature induces a current in the pick-up coil which is detected by the SQUID. The in and out of phase components of this current were measured by the lock-in amplifier connected at the output of the SQUID electronics. The proper phase of the lock-in amplifier was set by measuring the sharp superconducting transition of an indium sample. The dc field was applied parallel to the c axis of the sample by means of a home-made superconducting magnet operated in a permanent mode. Further experimental details can be found in Ref. 7 . All the ac permeability measurements reported here have been taken in field cooling ͑FC͒ experiments.
The ac permeability data presented were taken at an ac field amplitude h ac р 90 mOe. The response for this ac amplitude was proved to be within the linear regime in the whole range of dc fields and temperatures investigated. Shown in Fig. 2 are typical data of the real part of the ac permeability Ќ Ј as a function of temperature for four selected frequencies at a field of 27 Oe. The main feature observed at high temperatures is the sharp decrease of Ќ Ј , at a frequency-independent temperature T M (H) reported in Ref.
1 that we will not discuss here. Lowering the temperature Ќ Ј decreases smoothly and a second feature at T 0D Ϸ22 K becomes evident 7 in the low-frequency curve. The inset ͑a͒ clearly shows that the temperature T 0D , where a steep decrease in Ќ Ј takes place, is frequency independent. It is also shown that this drop at T 0D is smeared out and becomes undetectable when increasing the excitation frequency to the range of kHz. In inset ͑b͒ we depicted the data of Ќ Ј (T) at three selected dc fields. This exemplifies that T 0D is field independent in the range of fields investigated ͑20-1600 Oe͒.
The low-field response as detected by Ќ (T) can be understood in the following way. Below the melting temperature T M (H) the ac field generates a surface shielding current which exerts a tilting stress on the vortex lattice ͑VL͒. The resulting deformation of the VL at the surface propagates into the interior, pushed forward by the elastic response of the VL and slowed down by point quenched disorder and viscous drag. The ac complex penetration depth ac (), considering the mechanisms described above is 15,16
where is the excitation frequency, In this low-frequency range Ќ is almost real ͑the imaginary part is always below 0.03͒, therefore the complex ac penetration depth ac related to the ac permeability via Ќ ϭ( ac /d)•tanh(d/ ac ) is approximately equal to the Campbell penetration depth, determined by
In Eq. ͑2͒ the superfluid contribution was also neglected. At high temperatures the critical current in BSCCO crystals is small, indicating that the Larkin domains are large and the VL is pinned collectively. When the temperature is lowered the pinning becomes more efficient, the elastically correlated volume ͑Larkin domains͒ shrinks, the Labush parameter increases, and consequently the penetration of the tilting stress ac decreases. The steep decrease of Ќ Ј at TӍ22 K indicating almost perfect shielding coincides with the large increase in the critical current inferred from magnetization measurements, 18 associated with the crossover to the zerodimensional pinning regime. It is important to point out that although the BSCCO crystals studied present the first order phase transition at high temperatures, characteristic of clean systems, strong disorder sets in at temperatures below 22 K, where the steep decrease of Ќ Ј coincides with the crossover to a region where the pinning mechanism is 0D, 19 that is, L c Ӎs.
We turn now to the question of the nature of the second peak transition and its relation with l c . Since this transition or crossover is observed at an almost temperatureindependent field we study the ac permeability at fixed temperature as a function of the dc applied field. The results are shown in Fig. 3 . We remark that Ќ (T) was measured decreasing temperature at constant field ͑FC experiment͒ for different dc applied fields and then the field dependence at fixed temperature Ќ (H) was obtained from these measurements. In this way effects associated with gradients of fields inside the sample, present when measuring magnetization loops or flux relaxation, are minimized. The results displayed in Fig. 3͑a͒ correspond to a frequency of 6525 Hz, while the data presented in Fig. 3͑b͒ corresponds to an excitation frequency of 4.5 Hz, approximately three orders of magnitude lower. We distinguish three qualitatively different behaviors.
͑i͒ At temperatures Tр20 K, where the disorder is strong, Ќ Ј increases monotonically with increasing field. This is expected, since the tilt modulus C 44 is an increasing function of the magnetic field. 20 This proliferation generates vortex entanglement 21 and, provided that the line crossing barriers are large, would increase the effectiveness of pinning, similar to the ideas proposed by Hwa et al. 22 with regard to enhanced pinning by splay columnar defects. With further increases in magnetic field, the topological defects become denser bringing larger vortex crossing angles, flux cutting becomes easier, and the effectiveness of pinning drops. The abrupt increase in Ќ Ј from H cr (T) indicates the sudden decrease in Ќ Ј is seen at a frequency-independent temperature T 0D . Inset ͑b͒ shows Ќ Ј for three selected fields. T 0D is field independent in the range of fields investigated ͑20-1600 Oe͒.
evolution towards the c-axis Ohmic state at higher fields, 7 that is, towards a state where the phase coherence is lost across the sample. The nonmonotonic behavior observed in this temperature regime is detected at low and high excitation frequencies, and H ent (T) and H cr (T) are found to be frequency independent. This fact discards the interpretation of H ent (T) as a dynamic effect due to a change in the pinning mechanism. 23 ͑iii͒ In the high-temperature regime Tу45 K, Ќ Ј increases smoothly up to H M (T), where a jump to Ќ Ј Ӎ1 is observed. This jump is associated with the first order phase transition of the vortex lattice, as was previously reported. 1 Our results could be summarized in the experimental H-T phase diagram depicted in Fig. 4 . At low temperatures (T Ͻ20 K͒ point disorder is sufficiently strong to induced zerodimensional pinning, L c Ӎs, and strong critical currents in the ab planes. In principle, L c Ӎs would imply a highly disordered vortex structure, in contradiction with the results found in neutron diffraction experiments 12 where a crystalline structure is detected at temperatures well below 20 K. Both experimental results can be reconciled considering that the structure detected below 20 K is frozen at a higher temperature where the vortex-vortex interaction is dominant, similar to the recent interpretation by Pardo et al. 25 of magnetic decoration experiments showing the presence of topologically ordered vortex structures in the low-field range where the critical current is field independent and vortices are individually pinned. The vortex structure is frozen in a topological configuration corresponding to a higher temperature where the lattice is nearly in thermodynamic equilibrium. Further decrease of temperature only induces small local displacements of the vortex, in distances of the order of the pinning force range , much smaller than the intervortex separation and the overall vortex structure remains unmodified. Under these circumstances it is clear that while the critical current is independent of the geometrical vortex distribution, the vortex structure depends on the experimental history. As a consequence the observation of Bragg peaks in the low-temperature and low-field phases only reflects a nonequilibrium vortex configuration corresponding to a stable structure at higher temperatures. In the intermediate regime (20рTр42 K͒ the ordered vortex solid become unstable at a field H ent (T), where the effectiveness of pinning starts to increase with increasing field as indicates the drop of Ќ Ј . The functional dependence of H ent (T) is in good qualitative agreement with theoretical estimates. 21 Furthermore, we evaluate the field at which the ordered vortex state become unstable at low temperatures using the expression ͑11͒ of Ref. 24 :
H cross 1/3 , ͑3͒ At the field H ent (T) the ordered VL makes the transition to a vortex entangled state with no indication of a reduction in l c . When increasing the field the energy barrier for vortex cutting and reconnection decreases and H cr (T) marks a crossover to an Ohmic behavior characterized by l c Ͻd. At higher temperatures (TϾ45 K͒ the ordered vortex phase transforms to an uncorrelated vortex liquid in all directions through the well-known first order phase transition.
In conclusion we show that the ac permeability technique is an excellent tool to explore the vortex matter phase diagram of highly layered superconductors. It allows us to probe the tilting strength and to establish the correlation in the c-axis direction of the different regions of the phase diagram. The data taken in FC experiments allows us to study the vortex structure minimizing forces induced on the vortex ensemble by nonequilibrium currents associated with field gradients.
The large ac penetration of the transverse field in the ordered solid at high temperatures is consistent with the idea that this state is close to thermodynamic equilibrium and provides strong support to the picture where the fieldinduced transition at the Or-D line is a thermodynamic transition. The data has shown that the Or-D transition has strong influence on the behavior of the vortex correlation in the field direction. Vortex tilting is harder for fields above H ent (T) showing that the Or-D transition, induced by point defects, is from a three-dimensional ordered structure to an entangled phase of correlated vortex lines across the sample ͑entangled phase A in Fig. 4͒ . The vortex phase correlation in the c direction is preserved at the transition. At higher fields flux cutting and reconnection is dominant, the ac transverse field penetrates easily, and the response becomes ohmic at fields above the crossover field H cr (T), where l c Ͻd. In the low-temperature region of the phase diagram (TϽ20 K͒ and for all the fields investigated, the pinning is strong enough to freeze the vortex structure in an experimental history-dependent state. The zero-dimensional pinning limit associated with this region of the phase diagram is consistent with results that could be considered contradictory: At low fields the neutron diffraction experiments 12 shows the FC structure frozen in an ordered state. For fields higher than 400 Oe the structure is found to be disordered. Neither the critical currents nor perpendicular permeability measurements detect any change that could be associated with an order-disorder transition of the vortex ensemble at low temperatures. This is understood realizing that neutron diffraction experiments provide information about the topological order of the vortex structure over large regions compared to the average intervortex distance. Meanwhile, the critical current and perpendicular permeability measurements, in the individual pinning regime, respond mainly to the local pinning of a single vortex independently of the space correlation of the vortex structure.
